The only known molecular complex of a flavin which shows no apparent color change from that of the isolated flavin is nonetheless characterized by pillars of alternating flavin and naphthalenediol molecules running parallel to b, which involve extensive n overlap. In agreement with the lack of color change, intermolecular spacings are rather large, 3.41 A and 3.48 ~. A second naphthalenediol molecule is highly tilted with respect to the stacked molecules but takes part in an extensive hydrogen-bonding system that binds the columns into sheets parallel to (100). The crystals are monoclinic, P21/c, with a= 20.78 (2), b=7.24 (1), c=20.15 (2),~, fl= 116.19 (5) °, Z=4, Oobs= 1.40 (1), 0¢~c= 1-402 (3) g cm -3. The final R index is 0.048, based on 1747 counter-measured reflections.
Introduction
The flavocoenzymes, which are the nonprotein portions of flavoenzymes, are widely involved in oxidation-reduction processes in the cell. The two forms most commonly found in biological systems are flavin mononucleotide (FMN or riboflavin 5'-phosphate) and flavin adenine dinucleotide (FAD), whose molecular structures are given in Fig. 1 . The isoalloxazine or flavin nucleus, which is common to all forms, is the site of electron exchange and is shown in the air-stable, fully oxidized or quinoid form. It is reduced enzymatically by one or two electrons to either the semiquinoid or the hydroquinoid state. Since many of the substrates, including reduced pyridine nucleotide, DPNH, are aromatic or quasi-aromatic, it is possible that the electron interchange reaction occurs by formation of an intermediate, transient, charge-transfer complex (Szent-Gyorgyi, 1960; Cilento & Zinner, 1968; McCormick, 1968) .
To study the charge-transfer complexing properties and also the hydrogen bonding properties of the flavin nucleus, we undertook this study. Naphthalene-2,3-diol was chosen as n-complex donor because of the large amount of information available on phenolic complexes (Tollin, 1968) and because of the possible in vivo interaction of flavins with phenols such as tyrosine and Coenzyme Q (ubiquinone). A preliminary description of this structure has appeared (Trus, Wells, Johnston, Fritchie & Marsh, 1971 ).
Experimental
Slow evaporation of a 1 "1 acetone water solution of naphthalene-2,3-diol and lumiflavin (with the former * Contribution No. 4618 from the A. A. Noyes Laboratories. t Richardson Chemical Laboratories. :I: A.A. Noyes Laboratories.
§ National Institutes of Health Predoctoral Trainee (1969) (1970) (1971) (1972) . in ten to one hundred times greater molar concentration) generally yielded either a red oil or reddishorange crystals of lumiflavin bis(naphthalene-2,3-diol) trihydrate (Fritchie & Johnston, 1972) but in one case also gave about a half dozen yellow crystals shown by this investigation to be anhydrous lumiflavin-bis-(naphthalene-2,3-diol), C13H12N402. 2Ca0HsO2.
The crystals were nicely formed parallelepipeds ranging in size from 0.2 to 0.5 ram. One was mounted along the [010] direction, and served for the determination of unit-cell parameters and space-group symmetry.
Equi-inclination Weissenberg photographs, hOl through h3l, and an hkO precession photograph revealed the crystal to be monoclinic with systematic extinctions (hOl with l odd, 0k0 with k odd) indicating space group P2~/c. Initial unit-cell parameters were refined by a least-squares fitting to the sin20 values for 15 reflections measured on a Picker diffractometer (Mo Ke radiation; 2 = 0.7107/~). The refined lattice parameters with their estimated standard deviations are a= 20.78 (2), b=7.24 (1), c=20.15 (2) N, and fl= 116.19 (5) °. The density calculated for four lumiflavin and eight naphthalene-2,3-diol molecules per unit cell is 1.402 (3) g cm -3, in excellent agreement with the experimental value of 1.40 (I) g cm -3, measured by the flotation method.
A second parallelepipedal crystal, 0.07 mm by 0.16 mm in cross section and 0.26 mm in length, was mounted on its long axis, [010], for use in intensity measurement. A Picker four-circle card-controlled diffractometer operating in the 0-20 scan mode collected the data, using Ni-filtered Cu Ke radiation with a T1doped NaI scintillation counter serving as radiation detector. The pulse-height analyzer was set to accept about 90% of the Cu Ke pulse distribution. All 2816 independent reflections having 20_< 100 ° were scanned at a rate of 1 ° min -1, with a scan range of 2 ° and background counts of 20 s at each end of the scan. Two periodically measured standard reflections showed less than + 1.5 % variation. Those reflections for which the peak scan rate exceeded 10000 c.p.s, were re-collected at a reduced tube current, and were scaled to the main set of data through measurements on a number of somewhat weaker reflections.
Of the reflections measured, 1753 were judged to be observed, using the criterion I>2al, where a~= [C+(tc/2tB)2(Bl+B2)+pZlZ]t/2. Here, C is the total scan count, tc = 120 s, ts = 20 s, B1 and B2 are the two background counts, p=0.02, and I is the net intensity, C-(tc/2ts) (BI + B2). Lorentz (L) and polarization (P) corrections were used in deriving structure magnitudes, IFol, and corresponding standard deviations oF= a d(2. IFol • L. P). Because of the small crystal size and small absorption coefficient (8.20 cm-t), no absorption corrections were applied to the data.
Structure solution and refinement
The iterative application of Sayre's equation (Sayre, 1952 ; equation 1.3) as applied to E's (Hauptman & Karle, 1953) , using Long's (1965) program, led to a successful trial solution. Seven starting reflections -three whose signs were fixed to specify the origin and four whose signs were permuted through the 16 possible combinations -were selected according to a criterion proposed by Stanford (1973) . Specifically, the rank of a reflection, R(h), is expressed according to the relationship
where Nh is the number of Y.2 relationships involving reflection h with other reflections having large E values; reflections with high rank are good candidates for the initial phasing. From the starting set of seven reflections, 485 additional reflections with E greater than 1.3 were assigned phases. Of the 16 starting sign combinations, one set converged quickly, resulted in an even distribution of signs, and had the highest consistency, 0.67. An E map based on this combination of signs clearly indicated positions for the three molecules -one lumiflavin and two naphthalenediols -in the asymmetric unit. Loworder structure factors derived from these positions showed fair agreement with observed values; however, high-angle agreement was poor and the overall R index was a disappointing 0.70. After 20 structurefactor-difference-map cycles, when R had dropped to 0.50, it became apparent that a concerted shift of all three molecules, by an amount of about 0.5/~, and in a direction parallel to a, had taken place. We applied a further shift of about 0.6/~,; the R index dropped immediately to 0.42, and least-squares refinement was initiated.
The least-squares refinement followed Hughes's (1941) procedure, with the quantity minimized being ~w(IFol-IFcl) z, where w=l/a 2. All hydrogen atoms except those on C(17) were located in a series of difference maps; in the region expected for the latter there was a large poorly resolved area of positive density. These atoms were thus not included in any calculations. In the final stages of refinement, all atoms other than hydrogen were given anisotropic Table 1 . Positional parameters Estimated standard deviations are given in parentheses.
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Discussion

Packing
Two views of the structure are shown in Fig. 2 . It consists of stacks of alternating, approximately planar (see below) lumiflavin and naphthalenediol molecules running parallel to [010], with additional naphthalenediol molecules whose planes are highly inclined to those of the stacked molecules lying between the stacks and hydrogen-bonded to them, thus linking together adjacent stacks. There are also direct hydrogen-bond links between stacks, involving N(I), O(31), and H(60). The hydrogen bonded, n-complex network extends in two dimensions [parallel to the (100) plane] and creates a series of lipid-like bilayers with the hydrophilic ends of all three independent molecules pointed into the centers of the bilayers, and with only hydrophobic, van der Waals contacts between bilayers.
Details of the hydrogen-bonding system are shown in Fig. 3 . As predicted from other studies (Langhoff & Fritchie, 1970; Wade & Fritchie, 1973) , both the primary chelate site, N(5)-O(15), and the secondary site, N(I)-O(16), are occupied by -OH dipoles. Naphthalenediol A, that in the n-complex, forms a hydrogen bond with N(1), and naphthalenediol B serves as one of two donors to O(15). Interestingly, the hydrogen atoms of both internally hydrogen-bonded -OH groups appear to form bifurcated hydrogen bonds, one to O(16) and the other to O(15). The oxygen of the latter -OH group is also the receptor in the N(3)H(46)... O hydrogen bond, generating a cyclical two-molecule mutual donor-acceptor pair. All the oxygen and nitrogen atoms of the flavin molecule, excepting of course N(10), are thus quite generally active in hydrogen or ion binding and are likely to be used maximally for these purposes in flavoproteins. N(5) appears to be the weakest hydrogen-bond acceptor, but is the strongest site of binding for soft metals (Garland & Fritchie, 1974; .
The lumiflavin molecule is not quite planar, as shown by data in Table 3 . The major distortion, as in many other flavins (Wang & Fritchie, 1973, and references therein) , is a folding along the N(5)-N(10) axis but, again in common with many other structures, such a description is much too simple. There is also a Table 3 . Least-squares planes Each atom was given a weight equal to its atomic number, except those indicated by an asterisk, which were given zero weight. The angle between lumiflavin plane I and that of the naphthalenediol A molecule which lies in the same stack is 5-1 °.
Equations of the planes based on the orthonormal coordinate system: Lumiflavin Mlla, Nllb, PllaAb, are: Naphthalenediol A : Naphthalenediol B: Lumiftavin I 0"0660m+0"9580n+0.2789p= 1"568 A II 0"1 i 32m + 0"9568n + 0"2677p = 1"672 III 0"0124m+0"9585n+0"2849p= 1"243 -0"0101 m + 0"9384n -0"3454p = -2"085 -0"4807m+O'lO98n+O.8603p= 1"355. screwlike twist along the longitudinal axis of the molecule and other less systematic distortions. Despite the lack of exact planarity of the flavin or naphthalenediol molecules, one can calculate average intermolecular separations in the rather extensive regions of intermolecular overlap shown in Fig. 4 . These values are 3.48 A for the upper naphthalenediol molecule shown and 3.46 A for the lower. These rather large spacings are in agreement with the yellow color of the complex, which suggests little charge-transfer interaction.
It may also be noted that greater intermolecular separation is more often associated with overlap in the phenylene region of isoalloxazine than in the pyrim-(dine region. In the orange complex lumiflavin-bis-(naphthalene-2,3-diol) trihydrate (Fritchie & Johnston, 1972) , average intermolecular spacings of 3.25 and 3.30 A are found, with naphthalenediol overlapping the pyrazine and pyrimidine rings in the former case and the pyrazine and phenylene rings in the latter. Rather large spacings of 3.54 and 3.45 A are seen in the complex riboflavin-5'-bromo-5'-deoxyadenosine trihydrate (Voet & Rich, 1971) , the larger in this case involving overlap primarily with the pyrazine ring and the smaller with the phenylene. That factors other than distance and the gross pattern of overlap influence color is illustrated by the orange-brown color reported for this adenosine complex.
re-Complexes of protonated flavins are usually black or very deeply colored (Toll(n, 1968) , illustrating generally greater interaction, but the same trend a_~0"003/~ a~0-012 ,& a~0"009 A a_0"008/~. N(1)--C(2) 1-356 A 1"368 A 1"387 A 1"380 ,~ 1"408 A 1"379/~ C(2)--N(3) 1"413 1"410 1"389 1"362 1"379 1"379 N(3)--C(4) 1"349 1"362 1"375 1"359 1"385 1"366 C(4)--C(12) 1"447 1"483 1 "485 1"466 1"489 1 "466 C(12)-N(5) 1"309 1-300 1"297 1"305 1"299 1"308 N(5)--C(13) 1"358 1.372 1.378 1"355 1"376 1"368 C(13)-C(6) 1"395 1"406 1-398 1"411 1"411 1"415 C(6)--C (7) 1"371 1.371 1-372 1"362 1"348 1-387 C(7)--C(8) 1 "422 1 "421 1-416 1 "409 1 "415 1 "407 C(8)--C(9) 1.380 1"376 1"414 1"375 1-362 1"389 C(9)--C (14) 1"379 1 "397 1 "422 1 "399 1 "419 1-411 C( 14)-N(10) 1"374 1"380 1"415 1"390 1 "386 1 "379 N(10)-C(I 1)
1"365 1"360 1"356 1"329 1"338 1"363 C(I I)-N(I ) 1"327 1"303 1.324 1"362 1 "364 1 "323 C(I 1)-C(12) 1"446 1"446 1"445 1"440 1"422 1"450 C(I 3)-C(14)
1"405 1"405 1"420 1 "424 l'407 1"414 C(8)--C(17) 1"525 1"502 1"509 C(7)--C(18) 1"500 1 "499 1"508 N(10)-C(19) 1 "486 1"466 1 "489 1 "511 1 "491 C(2)--O(16) 1-232 1 "207 1.221 1 "212 1.209 1 "271 C(4)--O(I 5) ! .226 1 "219 1 "212 1.229 1 "211 1"268 * (a) 3-Methyilumiflavin: Norrestam & Stensland (1972) ; (b) 9-bromo-3,7,8,10-tetramethylisoalloxazine: von Glehn, Kierkegaard & Norrestam (1970) ; (c) 10-methylisoalloxazine hydrobromide sesqui(naphthalene-2,7-diol)monohydrate: Langhoff(1968); (d) 10-methylisoalloxazine hydrobromide dihydrate: Trus & Fritchie (1969) ; (e) calculated for isoalioxazine : Fox, Nishimoto & Forster (1965) .
t Standard deviations calculated from the uncertainties in Table 1 are about 0.005-0.007 ,~, but these should probably be approximately doubled; see the text. regarding smaller spacing in the vicinity of the pyrimidine ring is seen. The black complex riboflavin dihydrobromide hydroquinone (Bear, Waters & Waters, 1970 ) contains a hydroquinone-phenylene overlap region having average spacing 3.35/k and a hydroquinone-pyrimidine overlap region with spacing 3.28/k. In the two protonated complexes lumiflavin hydrochloride hydroquinone and lumiflavin hydrobromide sesqui(hydroquinone) (Kierkegaard et al., 1971) , overlap of hydroquinone with the phenylene ring and with the pyrimidine ring is observed respectively, with average spacings of 3.51 and 3.27,~. The colors of these two complexes are not reported.
protonated and protonated compounds are also in agreement. The greatest differences, in the N(1)-C(I 1) and C(ll)-N(10) bonds, are easily explained by the probable extra stability of the canonical structure having the charge at N(1). Individual bond angles are not tabulated for all the structures, but the agreement is generally better than that for the distances. In particular, in comparison with 9-bromo-3,7,8,10-tetramethylisoalloxazine, the only significant differences occur at C(12)-C(4)-O(5) which has values of 124.7 (6) and 121.4 (7) °, and at N(3)-C(4)-O(15), which is 129.7 (6) and 124.4 (7) ° in the two structures. These differences chiefly methyl group in the tetramethyl compound. The one unusual but apparently consistent deviation in heavyatom bond angles from 120 ° which occurs in the naphthalenediol molecules involves the oxygen which is an acceptor in the internal hydrogen bond. In each case, this atom bends about 5 ° toward the donor hydroxyl group.
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